The role of progesterone (and oestrogen) in endometrial angiogenesis remains controversial. The aims of this study were to quantify endometrial angiogenesis in pregnant mice and to investigate the role of progesterone in promoting endothelial cell proliferation in ovariectomized mice. Uteri were collected on days 1 to 4 of pregnancy when circulating progesterone concentrations were increasing, prior to implantation. Before dissection, mice were injected with bromodeoxyuridine (BrdU) enabling proliferating endothelial cells to be quantified with CD31/BrdU double-immunohistochemistry. There was a significant increase in proliferating endothelial cells on day 3 of pregnancy when plasma progesterone also increased. To determine if this endothelial cell proliferation was due to progesterone, an experiment was performed on ovariectomised mice. One group was treated with a single oestradiol injection on day 8 after ovariectomy, followed by a no-treatment day and three consecutive daily injections of progesterone. Other groups were treated with either the vehicle, oestradiol or progesterone injections only; all were dissected on day 13 following ovariectomy. Unexpectedly, mice treated with progesterone-only had the highest amount of endothelial cell proliferation and oestrogen priming was found to significantly reduce this progesterone-induced endothelial cell proliferation. To determine if this proliferation is mediated by vascular endothelial growth factor (VEGF), a further experiment in which VEGF anti-serum was administered concurrently with the progesterone injections was performed. Endothelial cell proliferation was reduced but not abolished suggesting progesterone-induced endometrial angiogenesis is only partly mediated by VEGF. Results indicate that oestrogen priming is not required for progesterone to stimulate endometrial endothelial cell proliferation and that oestrogen inhibits progesterone-induced angiogenesis in ovariectomised mice. Reproduction (2005) 129 765-777 
Introduction
Angiogenesis (the growth of new blood vessels from preexisting vasculature) occurs concomitant with the growth and regression of the human endometrium to provide an uninterrupted blood supply to this rapidly changing tissue (Smith 1998) . Endometrial angiogenesis is under the overall control of the ovarian steroids oestrogen and progesterone, via their receptors, which function as hormoneactivated transcription factors and modulators of gene expression in target cells (Barkhem et al. 1998 , Hewitt & Korach 2000 . The downstream pathways by which oestrogen and progesterone regulate endometrial angiogenesis still remain unclear.
To date, most research has focussed on the effects of oestrogen on endometrial angiogenesis and in general oestrogen is thought to stimulate new vessel growth. In humans, elongative angiogenesis has been demonstrated in the endometrium during the proliferative phase of the menstrual cycle (Gambino et al. 2002) . However, although oestrogen is known to stimulate epithelial (glandular and luminal) and stromal cell proliferation in the mouse (Martin & Finn 1968) , there have been conflicting results concerning endometrial angiogenesis. Ma et al. (2001) hypothesized that oestrogen is anti-angiogenic in the mouse uterus. They found that oestrogen stimulated an initial rapid, transient induction of vascular endothelial growth factor (VEGF) and receptors VEGFR2 (Flk1) in the stromal bed. As there was increased vascular permeability in the uterus, but reduced uterine vascular density and decreased stromal endothelial Flk1 expression during the late oestrogenic response, these results suggested an inhibitory role for oestrogen. Hastings et al. (2003) reported that while oestrogen increased vascular permeability, cellular mitosis, and DNA and RNA synthesis, it did not stimulate an increase in endothelial cell proliferation. In contrast to Hastings, Heryanto & Rogers (2002) observed a rapid induction of endometrial endothelial cell proliferation within 24 h of oestrogen treatment in ovariectomised mice, suggesting a rapid angiogenic response. This rapid proliferative response of endometrial endothelial cells to oestrogen is mediated by VEGF, a potent endothelial cell mitogen (Albrecht et al. 2003b , Heryanto et al. 2003 . The administration of either an anti-VEGF antibody or VEGF receptor inhibitor significantly inhibited the oestrogen-mediated endometrial endothelial cell proliferation in ovariectomised mice (Heryanto et al. 2003b) .
In contrast to oestrogen, only a few studies have been performed considering the role of progesterone in endometrial angiogenesis. Gambino et al. (2002) have shown that a form of branching angiogenesis (such as intussusception or sprouting) occurs in the human endometrium during the secretory phase of the menstrual cycle. In rats, endometrial endothelial cell proliferation increased significantly during early pregnancy when plasma progesterone concentrations are increasing prior to implantation (Goodger & Rogers 1993) . It was also found that progesterone increased vascular density in ovariectomised mice while having little effect on vascular permeability (Ma et al. 2001) . While most of the in vivo research into progesterone supports a role for this steroid in endometrial angiogenesis, there are conflicting results from in vitro studies, either supporting a pro-angiogenic role for progesterone (Kayisli et al. 2004) or suggesting an anti-angiogenic role for progesterone (Vazquez et al. 1999) . Therefore, there is a need for further research to elucidate the role of progesterone in this process.
The aim of this research was to investigate the role of progesterone in endometrial angiogenesis. Initially, endometrial endothelial cell proliferation was quantified during early pregnancy in the mouse (prior to implantation). Proliferation of stromal and luminal epithelial cells was also quantified to investigate the differential effects of progesterone in the other endometrial compartments. We hypothesised that endometrial endothelial cell proliferation would increase in concert with increasing plasma progesterone concentrations. A hormone regime was then developed that would stimulate endometrial endothelial cell proliferation in ovariectomised mice. We hypothesised that progesterone would stimulate endometrial endothelial cell proliferation in ovariectomised mice, but that pre-treatment of the endometrium with oestrogen would be required. We also hypothesised that progesterone-induced endometrial endothelial cell proliferation would be mediated by VEGF.
Materials and Methods

Animals
Adult female mice (7 -13 weeks, 18 -28 g, C57BL/6J £ CBA; Monash Animal Services, Monash University, Victoria, Australia) were housed under controlled environmental conditions (20 8C, 12 h light per day) and provided with food and water ad libitum. This study was approved by the Monash Medical Centre Animal Ethics Committee A.
Study one
Female mice were housed overnight with stud males, and the presence of a vaginal plug the following morning indicated successful mating. The day of a successful mating was considered day 1 of pregnancy. To ensure that the steroidal conditions of the endometrium at the time of the study were under maternal rather than fetal control, pregnant mice were dissected on days 1 to 4 of pregnancy (n ¼ 4 -5) when circulating progesterone concentrations were increasing, but prior to implantation on day 5 (Finn & Martin 1969) .
Four hours prior to dissection, mice received an i.p. injection of bromodeoxyuridane (BrdU; 40 mg/kg body weight, 500 ml, Sigma-Aldrich Co., St Louis, MO, USA), enabling visualisation of proliferating cells by immunohistochemistry. The mice were anaesthetized with an i.p. injection of Avertin (25 mg/100 g body weight, 2,2,2-tribromoethanol (Aldrich Chemical Company, Milwaukee, USA) in butan-2-ol (BDH Laboratory Supplies, Poole, England)). Blood was collected by cardiac puncture and the plasma stored at 2 80 8C. Plasma progesterone concentrations were later determined using an automated chemiluminescent competitive immunoassay performed at Southern Cross Pathology, Monash Medical Centre, Austrailia (analytical range 0.6 -127 nmol/l). The animals were perfusion fixed with 10% (v/v) buffered formalin after a saline washout at physiological pressure (110-130 mmHg). The uterine tissues were removed and further immersion fixed in 10% buffered formalin for 2 h before processing for paraffin sections.
Study two
In the second study, we developed a mouse model to mimic the endometrial endothelial cell proliferation observed during early pregnancy (study one). Mice were bilaterally ovariectomized following anaesthesia with Avertin (as above), before being separated into four treatment groups. The dose and schedule of hormone treatment was modified from previous studies (Martin & Finn 1968 , Heryanto & Rogers 2002 , Heryanto et al. 2003 .
All animals were left for 7 days following ovariectomy to allow regression of the endometrium. One group of mice were treated with a single s.c. injection of oestradiol-17b (100 ng/100 ml peanut oil), a no-treatment day, and three consecutive daily s.c. injections of progesterone (1 mg/100 ml peanut oil), before dissection 24 h after the final hormone injection (Fig. 1) . Other groups were injected with either the vehicle (100 mL peanut oil), oestradiol-17b, or progesterone injections only. All mice were dissected on day 13 following ovariectomy. Four hours prior to dissection, the mice received an intraperitoneal injection of BrdU. Blood collection and perfusion fixation were as described for study one.
Study three
To investigate if progesterone-induced angiogenesis was mediated by VEGF, study two was modified and repeated. As in study two, mice were treated with the single oestradiol injection and three consecutive daily progesterone injections, or the progesterone injections only. Further groups were treated in the same way with the addition of three consecutive daily i.p. injections of rabbit polyclonal VEGF anti-serum (raised in rabbit against mouse VEGF 164 , 200 ml) given concurrently with the progesterone (Rabbani & Rogers 2001) .
To confirm the efficacy of the VEGF anti-serum, a previously published protocol illustrating that oestrogeninduced endothelial cell proliferation was inhibited by VEGF anti-serum, was also performed (Heryanto et al. 2003) . Ovariectomised mice received a single s.c. injection of oestradiol-17b (100 ng/100 ml peanut oil) with or without an i.p. injection of VEGF anti-serum (200 ml). Mice were dissected 24 h later, 4 h after a BrdU injection. Blood collection and perfusion fixation were as described for study one.
Immunohistochemistry
CD31/BrdU double immunostaining for visualisation of blood vessels and proliferating cells
Following dewaxing and rehydration, sections (3 mm) were incubated with 0.1% (1 mg/ml) pepsin in 3% acetic acid for 10 min at 37 8C, followed by protein blocking solution (PBA, Immunon Shandon, PA, USA) to prevent non-specific binding. The sections were then incubated with rat monoclonal anti-mouse CD31 (5 mg/ml in 1% bovine serum albumin in phosphate buffered saline (BSA/PBS); BD PharMingen, San Diego, CA, USA) for 1 h at 37 8C. The sections were incubated for a further hour at room temperature in biotinylated goat anti-rat IgG (1:200 in 1% BSA/PBS, Chemicon, Temecula, CA, USA). CD31 immunostaining was visualized by incubating the sections in alkaline phosphatase conjugated strepavidin (DakoCytomation, Carpenteria, CA, USA) for 15 min, followed by 10 min in vector blue alkaline phosphatase chromagen (Vector Laboratories, Burlingame, CA, USA). The sections were then incubated in 1.5 M HCL for 15 min at 37 8C, followed by a further incubation in 0.1 M borax buffer (pH 8.5) for 10 min at room temperature. Endogenous peroxidase was quenched with 3% H 2 O 2 in PBS for 10 min. PBA was applied for a further 10 min. The sections were incubated for 1 h at room temperature in monoclonal sheep anti-BrdU (8 g/ml in 1% BSA/PBS, Biodesign International, Saco Maine, USA). This was followed by a further incubation for one hour at room temperature in donkey anti-sheep IgG (4 g/mL in 1% BSA/PBS, Jackson Immuno Research Laboratories, Distributed by ALS, Melb). BrdU immunostaining was visualized by incubating the sections in strepavidin horseradish peroxidase (Dako Corp) for 15 min, followed by 5 min in DAB chromagen (3,3 0 -diaminobenzidine, Sigma). A negative isotype matched control was prepared by replacing the CD31 primary antibody with rat IgG 2a (BD PharMingen) and the BrdU primary antibody with sheep IgG (Sigma) at the same concentrations as that of the primary antibodies. A positive control section of mouse intestine was included in each batch of staining.
This protocol was refined from a number of trials using various concentrations of the CD31 and BrdU primary antibodies, differing the antigen retrieval steps and the chromagens used. We confirmed that the staining was equivalent to that obtained with the individual stains alone. The number of BrdU positive cells in epithelial and stromal endometrial compartments did not differ between serial sections stained with BrdU alone or BrdU/CD31.
Counts of proliferating cells and vessels were made using three sections at least 10 mm apart. Proliferating endothelial and stromal cells were counted and expressed as a count of positively stained cells per mm 2 of endometrial tissue. Proliferating luminal and glandular epithelial cells were counted and expressed as a percentage of the total number of luminal and glandular epithelial cells. Vessel profiles containing positively stained endothelial cells (identified using a £ 40 objective lens) were counted and expressed as a percentage of the total number of vessel profiles per section.
Blood vessel density was calculated using a £ 20 objective lens and expressed as the total number of positively stained vessel profiles per mm 2 of endometrial tissue (density based on counts in a single section). Stromal cell density was determined by counting the total number of stromal cells per mm 2 (a minimum of 250 cells were counted using a £ 20 objective lens). The ratio of vascular density to stromal cell density was then calculated. Figure 1 Experimental protocol for exogenous hormone treatment of ovariectomized mice. Study two: One group of mice (n ¼ 5) were treated with a single injection of 17b-oestradiol (100 ng) on day eight after ovariectomy, followed by a day without treatment and three consecutive daily injections of progesterone (1 mg). Other groups were treated with either the vehicle (n ¼ 5), 17b-oestradiol (n ¼ 5) or progesterone injections only (n ¼ 5). All animals were dissected on day 13, four hours after a bromodeoxyuridine (BrdU) injection. Study three: Groups of mice were treated with 17b-oestradiol (100 ng) and progesterone (1 mg) or progesterone only (as in study two) with or without concurrent treatment with a vascular endothelial growth factor (VEGF) anti-serum (200 ml) (n ¼ 6 in all groups).
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VEGF immunostaining
VEGF immunostaining was performed on deparaffinized sections. Endogenous peroxidase was quenched with 3% H 2 O 2 in methanol for 10 min. Non-specific binding was blocked by incubating sections with PBA for 10 min. The sections were then incubated in the primary antibody, (rabbit polyclonal anti-VEGF, 1 mg/ml in 1% BSA/PBS, Santa Cruz Biotechnology, CA, USA) overnight at 4 8C. Following further incubation in biotinylated goat anti-rabbit IgG (Zymed, South San Francisco, CA, USA) for 30 min at room temperature, the sections were incubated with strepavidin horseradish peroxidase for 10 min followed by aminoethyl carbazole chromogen (Zymed) for 5 min. A negative control was prepared by replacing the primary antibody with rabbit IgG (Sigma) at the same concentration as that of the primary antibody. The intensity of VEGF immunostaining in the endometrial luminal and glandular epithelium and stroma was semi-quantified using a graded scale: 0 ¼ no staining; 1 ¼ very weakly positive; 2 ¼ weakly positive; 3 ¼ moderately positive; 4 ¼ strongly positive. Three sections of endometrium were examined per mouse.
Statistics
Statistical analysis was performed using SPSS for Windows, version 11.0 (SPSS Inc., Chicago, IL, USA). The data is expressed as a median and range and was analysed using the non-parametric Kruskal -Wallis and MannWhitney U tests. A P value of , 0.05 was considered significant.
Results
Study one: pregnant mice
Plasma progesterone concentrations
As expected from previously published data, plasma progesterone concentrations increased significantly across the first 4 days of pregnancy (day 1 
Cellular proliferation
The development of a double immunohistochemistry protocol staining both proliferating cells and blood vessels allowed proliferating endothelial cells (PEC) to be differentiated from proliferating stromal cells with greater certainty than when using the single stain only (Fig. 3) . In pregnant mice (prior to implantation), endometrial endothelial cell proliferation was only observed on days 3 and 4 of pregnancy (day 3 Fig. 2C ). There was no significant difference between the percentage of proliferating endothelial cells on days 3 and 4(P ¼ 0.8).
Moderate levels of stromal cell proliferation were observed on all four days of pregnancy, and there was no significant difference between the days (KW ¼ 1.7, P ¼ 0.6, Fig. 2D ). Luminal epithelial proliferation was only observed on days 2 and 3 of pregnancy with no significant difference between these days (day 2 ¼ 10.0% 
Study two: ovariectomized mice treated with exogenous oestrogen and progesterone
Plasma progesterone concentration
The plasma progesterone concentrations in mice receiving either progesterone only (median ¼ 39.1 nmol/l [range: 29.9-87.6]) or progesterone following oestrogen (36.1 nmol/l [19.9-64 .3]) were significantly higher than those in mice treated with vehicle (3.8 nmol/l [2.9 -6.3]) or oestrogen alone (5.6 nmol/l [4.4 -6.5]; KW ¼ 13.8, P ¼ 0.003, Fig. 6A ). In the progesterone treated mice, plasma progesterone concentrations were similar to those in mice on days 3 and 4 of pregnancy.
Cellular proliferation
There was a significant difference in the amount of endometrial endothelial cell proliferation among mice treated with different hormone regimes (KW ¼ 14.0, P ¼ 0.003, Stromal cell density differed significantly among the treatment groups (KW ¼ 9.9, P ¼ 0.02, Fig.7B ). The highest stromal cell density was observed in the mice treated with oestrogen alone. The mice treated with both progesterone alone and progesterone following oestrogen priming, had significantly decreased stromal cell density compared with the mice treated with oestrogen only (oes- ; P ¼ 0.01). The stromal cell density in the mice that were treated with progesterone with and without oestrogen priming was of the same order as that seen in the pregnant mice. The ratio of vascular density to stromal cell density was significantly lower in the mice treated with oestrogen only 
VEGF immunostaining
Similar to the pregnant mouse, the most intense VEGF tissue immunostaining was observed in the glandular epithelium with slightly less intense staining observed in the luminal epithelium. The lowest level of intensity was found in the stroma of the endometrium. The intensity of VEGF tissue immunostaining did not differ significantly among the treatment groups in either the glandular epithelium (KW ¼ 3.4, P ¼ 0.3) or the stroma (KW ¼ 7.5, P ¼ 0.06). In the luminal epithelium, there was a significant increase in the intensity of VEGF immunostaining in the mice treated with progesterone or progesterone Fig. 7D ).
Study three: ovariectomized mice treated with exogenous oestrogen and progesterone with and without VEGF anti-serum
Cellular proliferation
As was seen in study two, there was a significant difference in the amount of endometrial endothelial cell proliferation among the treatment groups (KW ¼ 8.8, P ¼ 0.03, Fig. 8A ). The highest number of proliferating endothelial cells was observed in the mice treated with progesterone only (308.5 PEC/mm 2 [126.5 -344.8]) and again, pretreatment of the endometrium with oestrogen inhibited the proliferation seen with progesterone alone (32.1 PEC/mm 2 [23.9 -48.1]; P ¼ 0.01). Although there was no significant difference between the mice that were treated with progesterone alone and those mice treated with progesterone plus VEGF anti-serum (47.7 PEC/mm 2 [38.9 -463.6]; P ¼ 0.2) there was one outlier in the group of mice that received both progesterone and VEGF antiserum. This value was much higher than any other result within the treatment group and in comparison with any of the other treatment groups both in this and other studies. When this outlier was removed from the analysis, the addition of VEGF anti-serum significantly inhibited progesterone-induced proliferation (46.8 PEC/mm 2 [38.9 -128.0]; P ¼ 0.04). VEGF anti-serum did not significantly inhibit the proliferation observed in the mice that were treated with progesterone following oestrogen priming (P ¼ 0.6).
In the experiment used to validate the efficacy of the VEGF anti-serum, the endometrial endothelial cell proliferation stimulated within 24 h of oestrogen treatment was completely inhibited when VEGF anti-serum was administered (oestrogen only: median ¼ 179.7 PEC/mm 2 [range: 10.5-307.8]; oestrogen and VEGF anti-serum: no proliferation; P ¼ 0.03). This indicated that the VEGF anti-serum was efficacious.
This same outlier value also prevented significance being obtained when the percentage of endometrial blood vessels containing proliferating cells was compared between the mice treated with progesterone alone and the mice treated with both progesterone and VEGF anti-serum (progesterone only: 29.6% [20.1 -36.1]; progesterone plus VEGF anti-serum: 5.6% [5.0-34.0]; P ¼ 0.1, Fig. 8B ). When this outlier was omitted, there was a significant difference between the mice treated with progesterone only and those treated with progesterone and VEGF antiserum (P ¼ 0.02). VEGF anti-serum did not significantly affect the percentage of blood vessels containing proliferating cells in the mice treated with progesterone following oestrogen priming (P ¼ 0.3). Consistent with the second study, there was very little stromal cell proliferation and no significant difference was observed among the treatment groups (KW ¼ 2.5, P ¼ 0.5). The median values ranged from 39.9 PSC/mm 2 [18.3-58.5] to 52.5 PSC/mm 2 [32.3 -140.3] . Also consistent with the second study, no glandular or luminal epithelial cell proliferation was evident (data not shown).
Density
VEGF anti-serum did not affect vascular density within the endometrium (KW ¼ 1.7, P ¼ 0.6, Fig. 8D ). Stromal cell density did not differ significantly between the mice treated with progesterone only and the mice treated with progesterone and VEGF anti-serum (P ¼ 0.3, Fig. 8E ), nor between the mice treated with progesterone following oestrogen and the mice treated with progesterone and VEGF anti-serum following oestrogen (P ¼ 0.4). VEGF anti-serum did not significantly affect the ratio of vascular density to stromal cell density among the treatment groups (KW ¼ 4.6, P ¼ 0.2, Fig. 8F ).
VEGF immunostaining
As in study two, VEGF immunostaining was generally low with the most intense staining observed in the glandular epithelium and the lowest level of intensity was found in the stroma. Intensity of VEGF tissue immunostaining did not differ significantly among the treatment groups in either the glandular (KW ¼ 3.1, P ¼ 0.3) or the luminal epithelium (KW ¼ 2.9, P ¼ 0.4). However, in the stroma the mice treated with oestrogen plus progesterone 
Discussion
This study has demonstrated that progesterone stimulates endometrial endothelial cell proliferation and that this proliferation is mediated in part by VEGF. Oestrogen priming is not required for progesterone to stimulate endometrial endothelial cell proliferation and actually inhibits progesterone-induced endometrial angiogenesis. How oestrogen mediates its anti-angiogenic effect and the pathways involved in progesterone-induced endometrial angiogenesis remain unclear.
Endometrial endothelial cell proliferation occurred on days 3 and 4 of pregnancy in the mouse (prior to implantation). A similar pattern of endothelial cell proliferation has also been observed in pregnant rats (Goodger & Rogers 1993 , Rabbani & Rogers 2001 ). This endothelial cell proliferation occurs concurrently with increasing plasma progesterone concentrations, which are also observed during early pregnancy in rodents (Finn & Martin 1969 , McCormack & Greenwald 1974 . Our model using ovariectomised mice was designed to investigate the endometrial angiogenic response to progesterone. Unexpectedly, the highest amount of endothelial cell proliferation was observed in the animals that were treated with progesterone alone. Oestrogen priming of the endometrium inhibited this progesterone-induced proliferation. Progesterone mediates its actions via two progesterone receptors (PR A and PR B) which are ligand-activated Figure 5 Representative photomicrograph of endometrium immunostained for VEGF from an ovariectomized mouse treated with progesterone and oestradiol. Inset, negative control section (rabbit IgG); e, luminal epithelium; g: glandular epithelium; l: uterine lumen; m: myometrium; s: stroma; Bar represents 50 mm. nuclear transcription regulators (Tibbetts et al. 1998) . It is widely believed that the PR gene is regulated by oestrogen through oestrogen response elements present in the promoter region of the PR (Kraus & Katzenellenbogen 1993) . Therefore, it was thought that oestrogen priming would be necessary for progesterone to have a proliferative effect on endothelial cells. The current study refutes that concept and clearly demonstrates oestrogen priming is not a prerequisite for progesterone to have an angiogenic effect on the endometrium. In the intact animal, the actions of progesterone occur naturally on a base level of endogenous oestrogen (Finn & Martin 1969 , 1970 and it has been shown in ovariectomised mice that oestrogen elicits different proliferative effects depending on the time course of its administration (Heryanto & Rogers 2002) . Heryanto & Rogers (2002) showed that oestrogen stimulated a rapid response within 24 h of treatment and a second response after 48 -72 h of exposure to progesterone with low dose oestrogen followed by high dose oestrogen. However, it remained unclear whether this second proliferative response was stimulated by the oestrogen, the progesterone or the combination of both. The current study clearly demonstrated that the initial proliferation induced within 24 h of oestrogen administration to ovariectomised mice seen by Heryanto & Rogers, was no longer evident four days later and oestrogen was not needed for progesterone to have an angiogenic effect.
Although current in vivo studies suggest a pro-angiogenic role for progesterone, results from in vitro studies are conflicting. Vazquez et al. (1999) found that progesterone had an inhibitory effect on endothelial cell proliferation in vitro. They suggested that progestins arrest the endothelial cell cycle in G 1 involving a reduction in cyclin-dependant kinase activity. However, Kayisli et al. (2004) found progesterone to have a proliferative effect on human endometrial endothelial cells (HEEC) in culture as determined by an enhanced capacity to form tubelike structures and spouts. The authors suggest this progesterone-induced proliferation is most likely caused by a direct, but non-genomic effect of progesterone in HEEC. Ma et al. (2001) found that progesterone was proliferative in vivo in ovariectomised mice and suggested the mechanism of action was via the induction of VEGF and its receptor VEGF2 (Flk1) in conjunction with neuropilin-1. The current study, in agreement with Ma et al. (2001) , demonstrated both the proliferative effect of progesterone and the inhibitory effect of oestrogen in endometrial angiogenesis in vivo. Progesterone-induced endometrial endothelial cell proliferation is thought to be mediated by multiple angiogenic mechanisms and regulatory factors, acting in a paracrine manner between cells within the endometrium (Greb et al. 1997 , Perrot-Applant et al. 2000 , Tille & Pepper 2002 . These paracrine effects are absent in vitro, which could explain the disparity between some in vitro and in vivo observations. Current dogma considers vascular permeability to be a prerequisite for angiogenesis (Hyder & Stancel 1999 , Albrecht et al. 2003a . Progesterone, administered either alone or following oestrogen, does not appear to cause substantial tissue oedema. The stromal cell density in the mice treated with progesterone either with or without oestrogen priming, was not significantly different from that observed in the mice treated with the vehicle alone. These results concur with the findings of Ma et al. (2001) and suggest that endometrial angiogenesis is being stimulated by progesterone in the absence of substantial vascular permeability which is indicative of the different mechanisms by which short-term oestrogen or progesterone treatment stimulates blood vessel growth.
Results from this study support a role for VEGF in progesterone-induced endometrial endothelial cell proliferation. VEGF anti-serum significantly inhibited endothelial cell proliferation in the majority of mice treated with progesterone only. VEGF anti-serum did not inhibit progesterone-induced endothelial cell proliferation however, when the endometrium had been primed with oestrogen. In contrast, Heryanto et al. (2003) found that VEGF antiserum completely blocked short term oestrogen-induced endothelial cell proliferation. However, as the proliferation stimulated by progesterone was not totally blocked by the VEGF anti-serum, it would indicate that other factors in addition to VEGF are involved in mediating progesterone-induced endometrial angiogenesis. Further studies are needed to elucidate the role of other angiogenic promoters which may be acting in concert with VEGF under the influence of progesterone in the endometrium.
Although blocking VEGF had effects on endothelial cell proliferation, the effects on VEGF immunostaining were less apparent. In all three studies, the most intense VEGF tissue immunostaining was observed in the glandular and luminal epithelium. This pattern was consistent in all mice in all treatment groups with very few significant differences observed between the treatment groups and it is questionable whether these statistical differences have any biological significance. In addition, it has been shown in vitro that most epithelial VEGF is secreted apically into the uterine lumen, and is therefore unlikely to have a role in endometrial angiogenesis (Hornung et al. 1998) .
Further research needs to be done to examine the role of epithelial VEGF and to locate other cellular sources of VEGF (such as leukocytes) which may have a role in progesterone-induced endometrial angiogenesis. Neutrophils, eosinophils, macrophages, uterine natural killer cells and serosa-type mast cells are all located in mammalian uteri (Hunt 1994 , Salamonsen et al. 2002 . While these cells are best known for their role in the immune response, as well as secreting VEGF, leukocytes also express cytokines and growth factors including TNF-a, TGF-a and matrix metalloproteinases which are recognized angiogenic promoters (Cassatella 1999 , Salamonsen et al. 2002 . One or more of these factors may be acting in concert with VEGF to mediate progesterone-induced endometrial angiogenesis.
Results from this study concur with published data showing that progesterone strongly opposes the proliferative effects of oestrogen in the luminal epithelium (Finn & Martin 1970 , Martin et al. 1973a . Uterine luminal and glandular cell proliferation is stimulated by 17b-oestradiol which is synthesized during every estrous cycle in the mouse. Progesterone both inhibits this proliferation and induces the epithelial cells to differentiate in preparation for implantation (Tong & Pollard 1999) . In this study, both luminal and glandular epithelial proliferation was inhibited by progesterone. In the pregnant mice, no epithelial cell proliferation was observed on day 4 of pregnancy when plasma progesterone concentrations are high. In the ovariectomised mice, progesterone completely inhibited the epithelial cell proliferation observed in the mice treated with the peanut oil vehicle alone. Early work by Finn & Martin (1967) showed that there is increased stromal cell proliferation in the mouse uterus in preparation for implantation. It has been thought that both the proliferative effects of progesterone in stromal cells and the antiproliferative effects of progesterone in the luminal epithelium are due to an oestrogen-dependant up-regulation of stromal PR which in turn acts in a paracrine manner to inhibit PR expression in the luminal epithelium (Tibbetts et al. 1998 , Kurita et al. 2000 . PR expression in glandular epithelium however, is regulated by negative feedback by progesterone. Using wild-type and PR null mutant mice, Tibbetts et al. (1998) demonstrated the compartment-specific regulation of PR by oestrogen. While the results of the current study are in agreement with the antiproliferative effects of progesterone on endometrial epithelium, they do not support progesterone having a proliferative effect on endometrial stroma. In this study there was no significant increase in stromal cell proliferation in response to progesterone. Endometrial stromal cell proliferation did not significantly change across the days of pregnancy in study one, and was not different between the treatment groups in either study two or study three. Due to the development of the double staining immunohistochemistry protocol, proliferating endothelial cells were able to be clearly visualized within blood vessel profiles. Many proliferating cells were identified as endothelial cells which would otherwise have been mistakenly identified as stromal cells. It is possible that in the previous studies that found progesterone stimulated endometrial stromal cell proliferation (Martin & Finn 1968 , Martin et al. 1973b , Rider et al. 2003 , endothelial cells may have been mistakenly identified as stromal cells.
In conclusion, the present study demonstrated that endometrial endothelial cell proliferation increased in concert with increasing plasma progesterone concentrations in early pregnancy in the mouse. The study showed that progesterone induces endometrial angiogenesis in ovariectomised mice and that oestrogen is inhibitory to this process. The study also showed that this progesterone-induced endothelial cell proliferation was partly mediated by VEGF. Progesterone was found to be proliferative in both luminal and glandular epithelium but not in the stroma. Further studies are required to determine the endometrial source of the VEGF that mediates progesterone-induced angiogenesis and to investigate the other angiogenic regulators which may also be involved.
